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I. INTRODUCTION
Knowledge of the transport properties of ferromagnetic films at ferromagnetic resonance (FMR) is vital in spin pumping experiments, where spin current (the flow of electronic spin) is injected into an adjacent paramagnetic metal upon FMR in the ferromagnetic layer. [1] [2] [3] Spin pumping in combination with the inverse spin Hall effect (ISHE), [3] [4] [5] [6] [7] [8] which enables conversion of spin current into charge current, are powerful tools for exploring spin-charge related phenomena in bilayer systems. ISHE is a relativistic phenomenon occurring in the presence of spin-orbit coupling, where both up and down electrons with opposite velocity directions are deflected into the same direction resulting in an electromotive force transverse both to the spin current flow direction j s and to the spin polarization σ :
To accurately estimate the contribution of ISHE in the observed electromotive force in systems comprising metallic ferromagnet/paramagnet bilayers, it is necessary to separate contributions from galvanomagnetic effects in the ferromagnetic layer, i.e. the anisotropic magnetoresistance (AMR) 9 and the anomalous Hall effect (AHE). 10 The electromotive force E induced by a current density J flowing through a ferromagnetic metal with magnetization M can be expressed as 11
where ρ ⊥ , ρ , R a are the resistivity in a transverse magnetic field, that in a longitudinal magnetic field, and the anomalous Hall coefficient, respectively. The first term on the right-hand side of Eq. (2) expresses the Ohm law, the other two terms the contribution from the galvanomagnetic effects: AMR and AHE, respectively. That component of AMR which is perpendicular to J is often referred to as the planar Hall effect. 11 In case of spin pumping setups, 3, [12] [13] [14] both the electric field component and the magnetic field component of the microwave can induce an rf current in the sample. Coupling of the oscillating induction current j and of the dynamic magnetization m at FMR excited in thin sheets of ferromagnetic conductors by a microwave gives rise to time-independent electromotive forces (the spin rectification effect). 15, 16 In metallic bilayers, these appear simultaneously with ISHE and obstruct the observation and estimation of pure spin injection phenomena. In recent years, significant amount of research has been done in order to devise a universal method for separating ISHE from galvanomagnetic effects in spin pumping experiments. [12] [13] [14] [17] [18] [19] [20] [21] The situation is complicated by the fact that the magnetic field spectrum of a voltage signal induced by AMR or AHE can have both symmetric (Lorentzian) and anti-symmetric (dispersive) contributions, and can fully overlap with the Lorentzian spectrum of the ISHE signal. [12] [13] [14] In this work, we propose a method to separate ISHE from galvanomagnetic effects by investigating the angular dependence of the symmetric and anti-symmetric parts of two orthogonal components of the induced dc electromotive force at FMR in a microwave cavity while changing the direction of the magnetic field out of the film plane. 
II. THEORETICAL FORMULATION
We consider a metallic thin-film sample consisting of (i) a ferromagnetic single layer and (ii) a ferromagnet-paramagnet bilayer placed close to the centre of a cylindrical TE 011 microwave cavity, as illustrated in Fig. 1(a) . The z axis is taken along the magnetization vector M. Another coordinate system x y z is taken with the x (= x) axis along the Hall direction of the sample, and the z axis fixed along the longitudinal direction of the sample. A static external magnetic field H is applied in the y z plane at an angle θ H to the surface normal y . The angle between the surface normal y and the magnetization vector M is defined as θ M . The microwave rf magnetic field h is oscillating along the x direction, h = (h, 0, 0)e iωt , and the rf electric field ε along the z direction, ε = (0, ε cos θ M , −ε sin θ M )e i(ωt+Φ) . 22 Electromotive force is measured in the longitudinal (z ) direction and the Hall (x=x ) direction.
The magnetization dynamics in the ferromagnetic layer is phenomenologically described by the Landau-Lifshitz-Gilbert equation,
where γ is the gyromagnetic ratio and α the damping parameter. The time-dependent magnetization vector M(t) is a sum of the static magnetization vector M and the time-dependent component m(t) oscillating in the xy-plane. The effective field H eff is a sum of the external field H, the demagnetizing field H M induced by the static magnetization vector, the rf field h and the rf demagnetizing field H m induced by the dynamic magnetization. 8 Neglecting second order terms of h and m, the solution of Eq. (3) is
where
The ISHE electromotive force observed in the x direction is proportional to the z component
Equations (10) and (11) were calculated by Chen et al. in Ref. 12 using the same procedure.
Using the approach above to calculate the contribution from the ordinary Hall effect, Re(ε × H eff ),
and E HE L = 0, which has the same angular dependence as AHE.
Treatment of the phase shift Φ requires special care. For a microwave confined in a lossless metallic resonator, the time phase shift between the rf electric field and the rf magnetic field is Φ = 90 • . 22 However, dissipation by currents induced in cavity walls as well as in a conducting sample and its wiring may lead to phase shifts other than 90 • . 14 In addition, an ac current j induced in the sample may lag behind the rf electric field ε due to capacitive losses. In the calculations above, we assumed j ∝ ε, where Φ is a general phase which includes the phase shift between h and ε, as well as that between ε and j.
To determine the spectral shapes and angular dependence of the electromotive forces in the case of Ni 81 Fe 19 as a ferromagnetic layer, we input particular parameter values α = 0.02, 8, 12 ω/γ = 0.325 T and µ 0 M z = 0.884 T. The reasonableness of the latter two parameters is demonstrated in Fig. 1(b) which shows the angular dependence θ H of the ferromagnetic resonance field H R . The red dots are experimental data obtained for a 10-nm-thick Ni 81 Fe 19 film used in the study. The black curve was obtained by numerically solving the coupled equations for the resonance condition (9) in Ref. 8] and for the static equilibrium condition 2µ 0 H sin (symmetric) spectrum. 12 As a consequence, the contributions from AHE and AMR in Eqs. (10)- (12) can have both symmetric and anti-symmetric components, depending on the value of the phase shift Φ. By contrast, the spectral shape of the electromotive force due to ISHE is symmetric (absorption-like). In order to determine the angular dependence of each contribution we calculate the θ H dependence of the amplitudes A as defined in Fig. 1 
(c).
The θ H angular dependence of the calculated amplitudes A of the symmetric and antisymmetric components of ISHE, AHE and AMR in the Hall and longitudinal directions are summarized in Fig. 2 . The contribution from ISHE [Eq. (7) Finally, contributions from AMR (black curves), are present in all four components:
. The angular dependences of the amplitudes of the symmetric and anti-symmetric components in the Hall direction are given by (10), (11)]. Therefore, knowledge of the amplitudes of E s H and E a H alone is not sufficient to estimate the galvanomagnetic contribution in E s H . However, voltage signal in the longitudinal direction provides the missing pieces of information [Eqs. (12) , (13)]. The ratio of the antisymmetric and symmetric components in the longitudinal direction, E a L /E s L , which are purely due to AMR, uniquely determines the phase shift Φ. By contrast, the sum of the second squares, For spin pumping measurements, four voltage electrodes were made by wire bonding with an aluminium wire at the midpoints of the sample edges, as suggested in Fig. 1(a) . The sample on a quartz rod was then placed close to the centre of a cylindrical cavity in TE 011 mode with a resonance frequency of 9.45 GHz. The Q-values in case of a wired Ni 81 Fe 19 sample and a wired Ni 81 Fe 19 |Pt sample were 8700 and 9500, respectively. Electromotive force measurements were performed at a microwave power P MW = 200 mW (rf field µ 0 h = 0.16 mT) in the Hall and longitudinal directions while rotating the sample about the Hall direction [ Fig. 1(a) ].
A typical voltage signal from a Ni 81 Fe 19 |Pt sample measured in the Hall direction is shown in Fig. 3(a) . The size of the voltage signal V is normalized by the electrode distance l, E ≡ V /l. A voltage signal appears around the ferromagnetic resonance field when sweeping the magnetic field, containing both a symmetric (Lorentzian) component and an anti-symmetric (dispersive) component. The amplitudes of the symmetric and anti-symmetric components, E s and E a , respectively, are determined by fitting the voltage signal with the following function. 4 (a) and (b), respectively. Both are plotted along with the calculated dependence (black curve, not to scale) which predicts that the only contribution comes from AMR. In case of the experimental data for E s L , the appearance of two sharp peaks of opposite polarity at θ H = ±8 • and again at θ H = 180 ± 8 • agrees well with the prediction. However, the θ H dependence does not fully overlap with the predicted curve. The experimental result includes a contribution which changes sign by reversing the direction of H, similar to the predicted AMR or AHE contributions to E s H . In the case of E a L in Fig. 4(b) , the angular dependence also includes a signal which matches the predicted AMR dependence, and a contribution from a signal which changes sign by reversing the direction of H. predicted contribution of AMR to E a L (black curve) and a contribution which changes sign by reversing the direction of H. Overall, the measured angular dependence for E a L is similar to the same component in the case of Ni 81 Fe 19 [ Fig. 4(b) Fig. 4 (h) the experimental data of E a H are plotted along with the predicted angular dependence of AMR and AHE (black and blue curves, respectively).
Two points can be noted from the observed angular dependence in the longitudinal direction.
First, if Φ = 90 • , the contribution of AMR to E s L , which does not change sign by reversing the direction of H, theoretically becomes zero [Eq. (12)]. The fact that a non-zero E s L signal appears [Figs. 4(a) and (e)] indicates that the presence of a conducting sample and/or electrode wiring in the microwave cavity causes dissipative losses and a non-90 • phase shift, in agreement with other reports. 14 Second, the presence of a signal which changes sign with reversal of H direction in E L indicates that the distribution of the microwave electromagnetic fields contains components other than h oscillating in the x -direction and ε oscillating in z direction. A "contamination" of the E L signal from the Hall direction due to E H and E L measurement directions not being exactly orthogonal in the experimental setup does not seem to be a sufficient explanation. The reason is that the magnitude of this "contamination" signal in the longitudinal direction is comparable with that of E a H for both Ni 81 Fe 19 and Ni 81 Fe 19 |Pt samples. The direction across the electrodes would need to be tilted by 45 degrees to achieve this level of mixing, while in the experiment, the tilt was a few degrees. Another aspect to consider is the tilt of the quartz rod on which the sample is fixed, which would cause a change of electric field with rotation angle. However, a simple ∝ sin θ M or ∝ cos θ M multiplication of sin θ M cos θ M will not produce the observed sin θ Mlike angular dependence. Recently, magnonic charge pumping 24 has been considered as a source of charge current in ferromagnetic layers with spin-orbit coupling and magnetization dynamics.
According to Ref. 25 , spin rectification due to magnonic charge pumping is one third of the total galvanomagnetic signal in 10-nm Ni 81 Fe 19 films. We have considered spin rectification due to magnonic charge current j ∝ Λ · ∂ m/∂t with an isotropic matrix Λ, which parametrizes the spinorbit coupling. AMR in this case is zero. The contribution from AHE has only a longitudinal symmetric component with an angular dependence proportional to sin θ M . This still cannot explain a sin θ M dependence in the longitudinal anti-symmetric component. Thus, the most plausible explanation seems to be an altered electric field distribution due to different boundary conditions in the presence of a conducting sample and its wiring in the cavity. To remove the field distribution artefacts from the measurement, minimizing the sample volume while maximizing the sample- electrode surface aspect ratio might be useful. Use of high-resistivity materials in sample and electrodes might be also beneficial.
The disagreement between the experimental and calculated angular dependences of E s L and those of E a L obstructs the estimation of the phase shift Φ and/or the AMR coefficient which could be used to find the contribution of the galvanomagnetic effects in the Hall direction. However, there is a noticeable feature when comparing the maxima of the electromotive force in both samples. polarity of E s L and E a L is opposite to that shown in Figs. 4(e) and (f), respectively. In addition, the predicted contribution from AMR in E s L is significantly enhanced, while it almost disappears in the E a L signal. These changes in the polarity and angular dependences in the longitudinal direction may reflect changes in the distribution of the microwave electromagnetic fields with different wiring, the former being related to the phase shift Φ. The angular dependence, magnitude, and polarity of the E s H [ Fig. 5 19 |Pt, which is still dominant over galvanomagnetic effects but slightly lower than in the previous setup. The increased contribution from galvanomagnetic effects can be explained by increased microwave electric field intensity caused by different wiring and/or measurement error. A breakdown of the E s H signal into ISHE (red curve) and galvanomagnetic effects (black curve) based on this ratio is shown in Fig. 5(c Fig. 4 . The black, red and blue curves are the calculated curves for AMR, ISHE and AHE, respectively (not to scale).
Pt bilayer sample in Fig. 6 . Significantly, the E s H component is much larger than the remaining three components. We obtain E a H /E a L = 1.45 and E s H /E s L = 3.43, showing that the electromotive force component including ISHE is more than three times larger than the other three components.
IV. CONCLUSIONS
We have calculated and measured the angular dependences of electromotive forces induced 
